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ABSTRACT idi 

The pulsejet was the object of much concentrated study 
immediately after World War II, but in spite of this intense 
study, the pulsejet has never lived Vp Lo dts Promised 
performance. Recently, there has been a renewal of interest 
in the pulsejet and a considerable amount of research and 
experimentation has been conducted. Some recent develop- 
ments are: pulsejets which are capable of Supersonic 
operation, use of pulsejets for auxiliary power generation, 
and attempts to use a pulsejet as a combustor for a gas 
turbine engine. 

This paper reviews this recent work and includes thermo- 
dynamic analysis, a description of wave processes, ana Ke 
description of the ignition mechanism. The problems of 
noise and vibration are also addressed. From this study Of 
recent work, several potential applications are proposed, 
and recommendations about areas requiring further study are 


made. 
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IM INTHRODUCTTON 


The pulsejet engine found a brief, but truly surprising 
and shocking application during World War II when the 
German V-1 buzz bombs suddenly appeared over London in 1944, 
Since then, the pulsejet has largely been an engine of 
frustrated expectations even though several attempts have 
been made to develop this propulsion concept further. In 
the past few years new work has been initiated in this field, 
mostly outside of the United States. It is the purpose of 
the present report to review these activities and to assess 
the devellopment potential of this fascinating, low cost 


propulsion device. 
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MIER INCTEDLE OE YOPERAT LON 


A pulsejet is a surprisingly simple propulsive device, 
with few or no moving parts, which is capable of producing 
thrust from a standing start to a relatively high velocity, 
Of the order of Mach 1.5. Essentially, it is a tube open at 
One end and fitted at the other end with either mechanical 
or aerodynamic valves (figs. 1 and 2). 

When a fuel/air mixture is injected into the combustion 
chamber it is initially ignited by a spark and a high 
pressure is developed which forces the hot gases to be 
discharged. Due to the inertia of the exhaust gases, the 
combustion chamber is partially evacuated allowing the 
inflow of a new charge through the valves. At the same 
time, air is also sucked in through the tail pipe toward 
the combustion chamber. This new charge is then ignited by 
residual hot gases and the process repeats itself. Thus an 
operating cycle is created that consists basically of intake, 
combustion, expansion, and exhaust. 

The question then is, "What thermodynamic cycle best 
represents the operation of a pulsejet?" The processes in 
the Lenoir engine, an early two-stroke piston engine without 
Dreeompresslön, are quiltessimilar to the processes occurring 
in the pulsejet and, therefore, the Lenoir cycle serves as a 
good model for the thermodynamic analysis of a pulsejet. 


ticmbenotrmecnmine (118. 3) has intake during the first hall 





intake exhaust 





intake =| Je لح‎ 


Figure 2. Tynical pulse jet with aerodynamic valves. 





Ficure 3. the Lénoir engine. (2) 
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of the downstroke, ignition at approximately the half-way 
Rolne, and then expansion for the remainder of the downstroke. 


Exhaust Lakes place at constant pressure during the upstroke. 


J7 





OR HISTORY 


It has been recognized for some time that constant 
volume combustion has the potential of improved thermal 
ET Telencey when compared with constant pressure combustion. 
The first work on pulsating combustion appeared in France 
in- the early .twentieth century and was applied’ to gas 
Turbine combustion chambers. One of these chambers 
developed by Karavodine is shown in figure 4, It consisted 
of water cooled explosion chambers and the jet flow out of 
EREBE fez los mone chiembems drove a purbine wheel The 
combustion pressures were rather low and as a result the 
specific fuel consumption was quite unfavorable. 

Esnault-Pelterie used two explosion chambers (fig. 5) 
which worked in phase opposition and thus achieved a more 
Bent inueuszont!low throughmeene nozale and Onto thesturbine 
wheel. In 1909 Marconnet first proposed the use of 
BulsatınpseombustionsLor Aireraft Jers*propulsion. His 
configuration is shown in figure 6, Note that no mechanical 
valves were used in Marconnet's device and it thus was 
remarkably close to modern configurations. 

MO thesetidess apparently eame?too early for practical 
alrerart applications and were soon forgotten. Only twenty 
years later Paul Schmidt [1] independently proposed the 
Sota trato shown in figure 7 which uses mechanical valves. 


At Mires Sshmidt used shock waves, which were „generated 
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either by explosiions outside the tube or by f@ piston, to 
inlttate rapid ignition. Later, he found that the tube 
would work without spark ignition if the valve cross section 
was properly chosen. The performance potential of the 
ochmidt-tube was investigated theoretically by Busemann and 
Schultz-Grunow who came to the conclusion that the efficiency 
would be relatively low because of the low precompression of 
the mixture and hence would be inferior to the conventional 
propellor/piston engine combination, but that the Schmidt- 
tube would be considerably simpler and lighter. The events 
cea iloWIneryearso 1,e. 5 World War tl in Germany; 
generated sufficient government support for further develop- 
ment leading to the mass production of this engine by the 
ARGUSEMot9er Companys. A number of peopnla contributed to the 
further development of the Sehmidt-tube; in particular 
Diedrich and Staab. Their work is summarized in AGARDOgraph 
number 20 [1] where a comprehensive review of this work 
during WWII in Germany is given. 

In 1933, Reynst [2] discovered a different pulsating 
combustion phenomenon when he observed that pulsating 
combustion in a pot-like, water cooled combustion chamber 
(fig. 8) could be started by spark ignition and then would 
maintain itself. He experimented with the configuration 
during the war in Germany and built such a device for the 
French engine company SNECMA immediately after the war. He 


proposed a number of applications for this device including 


22 





n I} Hilt 
| I 


AM) 


urbt ni trat pt] 





Figure 8 
E nrdou 
s ver 
&ions of REYNST's c 
E ombustio 
n 
pot. 5) 





aircraft propulsion. These ideas are all summarized in 
his 5 papers [2]. 

Further independent work on pulsating combustion was 
started toward the end of WW II in both France and the 
United States. Bertin [3] in France proposed and developed 
valveless configurations shown in figures (9a) and (9b) 
Which exhibited amazingly low spécific fuel consumption 
and were later used for sail plane propulsion. In 1944 
Schubert [4] at Annapolis started pulsejet work in this 
country and considerable work was supported in the ea 
immediately after WW II by the U.S. Navy under the code 
name Project SQUID. In particular, the studies by Foa [3], 
Rudinger [3] and Logan [3] are worthy of mention. This 
work is well documented in the Project SQUID proceedings 
published by the U.S. Navy [4]. 

These investigations, however, generally led to the 
conelusion that pulsejet propulsion was inherently inferior 
Poscschsspossible propulsion methods fÆ g., turbojet; ramjet, 
anda turbmeprop. 

Further pulsejet research was conducted at Fairchild- 
Hiller Aircraft Company by R. M. Lockwood who investigated 
e GI pulsejets as a lift propulsión system [5]. 
Lockwood found that a pulse reactor engine would not ingest 
foreign objects more dense eon air, that exhaust gas 
temperature was low enough not to cause a fire hazard, and 
alt cle a device could, therefore be used in virtually all 


rough terrain applications. 
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With one particular device (fig. 10) afthrust of 147 lbs 
wesMoóbtained Hromba cluster of five (5) 5.25 in diameter 
pulsejets with augmentors. The SFC was 0.9 pph/1b. Thrust 
and thrust volume (thrust per unit volume of installation) 
was 120 lb/ft. Lockwood felt that a thrust to weight ratio 
of 10 to 1 was possible with the then current state of the 
art, and actually achieved 12 to 1 with special sandwich 
2001151 

Lockwood further concluded that the pulse reactor could 
be bent into a variety of Shapes with little effect on 
performance if the internal surfaces remained reasonably 
smooth and the bends were not too sharp. All configurations 
studied were with valveless pulsejets and bending was there- 
ncc bOPtance consrdensation since approximately 404 of 
the thrust was recovered from the bent intake. Multiple 
mils were operated together in close proximity and the 
effect on performance was small with the configuration used. 

Forward speed tests were conducted and engine performance 
Showed continued improvement up to the maximum speed tested 
Ofe 63 knots. 

Lockwood believed that feasibility had been een 
ime else lecale areas , including Starting, rapid control 
response, throttling from 25% to full throttle, durability 
(Raser eneınesappäicstıons)s and maintenance of thrust 
Levelt least 62 knots forvard speed. 

Lockwood [6] also conducted a considerable amount of 


research with several miniature, valveless pulsejet 





configurations. The best of these configurations were 

tested singly and in clusters and the results are listed 

Eu ole Low Lockwoodeconcludedeirom this studvethat such 
miniature pulsejets were suitable for thrust production and / 


heater-blower applications. 


di 








MULTIPLE 








POINTS OF 


IGNITION 





sm 
Fei 


Si 





FUEL 





Y 3 
m 


STARTING 


AIR 


N: 





By ^ 
ap A RU U N à 
—— S A 
See 
Ts ln — p 
| g een 





) 
v A 
JM 
— 








essure rise 
and vigorous 


ھر 


- 
3 
هم 


pre-combustion 


P 


inflow 


exhaust 


ignition and 


combustion 


mixing 


(5) 


Operating cycle of LOCKWOOD's lift engine. 


Figure 10. 





VALVELESS 
PULSEJETS 
Designation 


HC-1 
(straight) 


HC-1 4 
(U-shaped) 


HH. MI 
(straight) 


HI Mi 
(straight) 


HC-1 straight 


6-in-line 


HC--1 straignt 
6 rectangular 


cluster 


HH-M1 straight 


(3-in-line) 


HH-M2 straight . 


(3-in-line) 


COMBUSTOR TOTAL 
NOLTE LSD FLOW 
Dia. Length pounds 


max. inches 


COMBUSTOR ONLY 


lb 





l Tsfe FUEL 


RATE 


hr-lb pph 


SINGLE ENGINES 


2.10 26.87 DNE 5529 15.9 
(with modified fuel system) 
AM ASAS 2 Br 10.7 
2/5 46.25 aE 395.0 
Sea 51.13 i255 3.4 12,5 
MULTIPLE ENGINES 
AO NO A E 
2,40 26.87 9.2 Tee 72 
2.75 46.25 23.0 3.3 76 
Scale A o OS 


TATION max. 
RATIO 
AUGMENTED 
1.58 4.6 
1.9 DN 
a 238 
2 
Joe IG 
2 
8 36.0 
2 
DS 47.5 


1b 


pounds hr:lb 


59$ 


185 
JL 


دنا 
> 


1.9 


Age 


TOTAL 1 Tsfc FUEL 
AUGMEN- THRUST min. 


FLOW 
RATE 
pph 


Mc 


Bile 
Hs. i 


67.5 


68.5 


102 


1 Minimum Tsfe is usually near, but not at, fuel flow rate for maximum 


thrust (see referenced figures and text). 
2 Total thrust was not maximum available due to fuel system supply 


limitation. 


3 Accuracy of test data approximately 


EG OST, 


29 


15%. 


Results of experiments by Lockwood with 
several pulsejet configurations [6]. 





IV. RECENT DEVELOPMENTS 


‘A. INVESTIGATIONS BY ZHUBER-OKROG [3] 

‘For at least thirty years there has been considerable 
uncertainty and controversy about the basic mechanism 
respons1iblelfor automatie pAaenition in a pulsejet and in 
1966 Zhuber-Okrog began a research program to determine 
how a pulsejet achieved ana maintained continuous automatic 
operation. For this investigation he used a 1/3 scale model 
of the original ARGUS Sehmidt-tube (fig. 11). 

The combustion chamber of this tube was water cooled so 
that automatic ignition of the mixture by the tube walls 
could be avoided. Ignition was provided by 1! spark plugs 
which couid be synehronized and sequenced in varying ways 
by an electronic control system, details of which are 
included in Reference 7. 

Automatic operation was observed at low fuel injection 
rates in a tube without flameholders and in this mode the 
spark plugs had no effect on the pulsations. However, as 
the fuel flow was increased, resulting in higher pressures, 
there was a point beyond which operation became erratic and 
phexcubelwould novvoperabemgwathout 'sparkalgnition. 

From these experiments, Zhuber-Ckrog concluded that 
residual flames must be present during the intake phase in 
order to produce automatic aan and continuous operation 
SE DEE orzeentrolrall other sources of 


lgnition. As the pressure amplitude inereased with increased 
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fuel flow, the inflow velocity increased, eventually 
exceeded the reaction velocity and flameout occurred because 
the flame could not propagate fast enough to support 

eombDuüust len. chreuehout the chamber. From thisfit was 
coneluded that flameholders of some sort were required, 
particularly at higher pressure amplitudes. 

To substantiate this conclusion, Zhuber-Okrog installed 
a truncated cone flame-holder and observed that automatic 
operation could indeed be sustained with higher fuel/air 
Ee, A light sensor was placed ahead of the valves, and 
it can be seen in figures 12 and 13 that during automatic 
operation flames were present in the tube during the intake 
cycle. 

The major points cf Zhuber-Okrog!s experiments can be 
Summarized as follows: 

a.) .In order to retain suitable ignition flames during 
the intake cycle regions of low flow velocity are necessary. 
These regions can be provided by flameholders or step- 
changes in cross-section. 

b.) These flameholders must be arranged so that the 
heat release during combustion increases with time. 

c.) In order to achieve high pressure amplitudes, 
COMDUSEION SHOUIG OECeCUT TET Che closed end othe tube; 
l.e. near the valves, and bes should*be closed at 


' one end to improve pressure buildup. 
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Figure 12. 
pulsejet. (3) 
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Figure 13. Pressure and flama indications in ZHUBER-OKROG's 
pulsejet under different operating conditions. (3) 
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d.) One end of the tube should be open to generate 
reflections of the compression and rarefaction waves 
essential for proper operation. Rarefaction waves cause 
reduced pressure and reflect as compression waves from the 
open end. These compression waves than bring the incoming 
mixvcurscNtO Virtually zero velocity to allow burning. 

e.) In order to control inflow within proper limits 
eco GU dtm 1001 Cots t ance O27) backpressure Is required. 

Re TUDE leneth must be considerably longer than 


the tube diameter to ensure sufficient time for combustion. 


B. INVESTIGATIONS BY MULLER [8] 

J. L. Muller has recently conducted both experimental 
and theoretical work to determíne the feasibility of applying 
Putsatine combustion to gas turbines. In conventional gas 
turbine combustion chambers there is a pressure loss during 
.the so called "constant pressure" combustion. Most of this 
OSES 1S due t6 Tlamenoldegs, turbulence, dilution of primary 
eombustron producus,, anda Flame tube cooling. However, 20 to 
30 percent of the overall combustion chamber pressure drop 
cS ne § UiGamenual imeating Los" causea by a reduction 
in density and an increase in velocity when the combustion 
takes place at "constant" pressure. 

Muller's theoretical work, to be examined in detail in 
Eccc uM anea a daeta that rather Than a pressure 
OS M ac EE EE EE EE, be realized 


aL Sabine ecomsustJon. Muller's analysis shows 





enacted ron air win be required in order to keep the 
temperature at an acceptable level, but that the E 
of dilution air causes a substantial reduction in attainable 
combustion pressure ratios. When the pulse combustor is 
receiving air from a compressor, as in a gas turbine, larger 
Blantıtieszor allur)jon alrZare’requlred ası the compressor 
pressure ratio, and hence the delivery temperature, increase. 
This results in a substantial reduction in the combustor 
pressure ratio. This is shown in figures 14 and 15. These 
figures assume a fuel-air ratio of 0.05 and compressor and 
turbine efficiencies of 85%. However, even though the 
pressure gain in a pulsating combustion chamber iS reduced 
by the introduction of dilution air, a worthwhile improvement 
mie Cnerimal Elfriciency may )still be possible since) there is 
a pressure loss in a conventional combustion chamber. If 
this loss is taken as 5 percent, a maximum theoretical 
improvment in thermal efficiency of about 16% is possible 
with moderate compressor pressure ratios and turbine inlet 
temperatures. This has the possibility of lowering fuel 
consumption by approximately 14% for the same power output 
[8]. However, these results have nee yet been substantiated 
by experimental evidence. 

Muller backed up his theoretical study with experimental 
work conducted with clustered DN ALS combustion tubes 
with @ common rotary inlet valve. This system was chosen 


because it appeared to be a feasible way of designing a 
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compact resonant combustion system which would allow 
acelera re Phasing ol the combustors in order to prevent 
undesirable pressure oscillations in the compressor and 
turbine, provide adequate valve life, and eliminate the 
Be ducting of a valveless combustor [fig. 16). 

The timing of Muller's combustion cycle was controlled 
mechanically rather than by gas dynamic considerations 
TE 

Muller's equipment provided for tangential flow of the 
inlet air into the combustion chamber and each combustion 
chamber was enclosed in a dilution duct. A performance 
Gain was realized by interspacing an equal number of dilution 
aten. vita chosezearryine the combustors in order to augment 
muMutIon avr without heating it unnecessarily. The dilution 
air and combustion products were mixed in the pumping chamber 
and then flowed through augmentor tubes into the exhaust 
manifold. Back pressure was controlled by means of a valve 
im the exhaust ducti 

The experiments were conducted with an inlet pressure of 
one (1) atmosphere. The operational frequency was very close 
to the Heimholtz resonant frequency rather than the quarter 
wave frequency. 

The results from Muller's experiments showed that the 
tesit apparatus used, specific fuel consumption, combustor 
pressure ratio, and combustor efficiency were not particularly 


POE DIAL Del here wasfa pressure gain across the? combustor. 
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Figure 16. The pressure gain combustor of MULLER. (8) 
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Pressure amplitudes in the exhaust manifold varied by 2% 
ändeinche ines cuct by 4%, 

Muller expresses little doubt that the combustors 
employed during his experiments could be improved. He 
feels that further development could result in considerably 
better performance that that assumed in the theoretical 
analysis and achieved during the experiments. He further 
states that the improvements in gas mé E romance 
with pulsating combustion depend mainly on the combustor 
ESEN pressures logs in the currently used combustor, and 
compressor outlet and turbine inlet temperature. As the 
compressor discharge temperature is increased the pressure 
gain in the combustor is somewhat decreased, but this effect 
can be offset by Similar increases in the turbine inlet 
031001006 

Muller concludes that re gain combustion by means 
of pulsating combustion chambers is "feasible and practical" 


and that further development should be conducted. 


C. RECENT WORK BY DORNIER AIRCRAFT COMPANY 
Re-evaluation of the usefulness of the V-l engine as a 
low cost propulsion device has recently been undertaken by 
the Dornier Aircraft Company in Germany. George Heise, in 
a paper published in the German "Journal for Aeronautical 
Sciences" [9] describes tests on a modified V-1 engine. 
The unmodified V-1 engine had an upper speed limit of 


about 300 to 500 miles per hour. At these speeds the dynamic 
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pressure acting against the valves became so great that it 
interfered with their operation. As the engine encountered 
higher flight speeds the valves remained open for a longer 
Moreton OF the eycre and this led to a condition in which 
the combustion phase required too large a portion of the 
Eas Ncc 1111153117. thrust increased Slightly, but it 
then dropped off rapidly, depending on inflow resistance and 
tube geometry, and everitually fiameout otcurred. 

There are two readily apparent solutions to this speed 
limitation; increase the valves! resistance to inflow as 
the flight speed increases or increase back pressure. 

Increasing the flow resistance was suggested for the V-1 
engine. uea a this increase in flow resistance was 
accompanied by a thrust decrease. However, an increase in 
back pressure proportionate to the ram pressure causes an 
increase in thrust with flight Mach number. Such a back 
pressure can be achieved by inserting an expanded section in 
the exhaust nozzle as shown in figure 17. The expanded 
section then provides for a buildup of back pressure but in 
some configurations will increase frontal area and hence 
aerodynamic drag. 

dC Speeds Up Co Mach 1.5 onwawuest‏ 05001100601 ©2926 55 ا 
stand of the DFVLR (German equivalent of NASA) in Trauen‏ 
near Braunschweig, Germany. The results shows a parabolic‏ 


increase of thrust with Mach number as shown in figure 18. 
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Figure 18, Thrust versus mach number for the modified 
V-1 engine tested by Dornier. (9) 
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D. WORK AT MESSERSCHMITT 

In 1968 work was started in Germany by the Messerschmitt- 
Boelkow-Blohm GMBH on the development of a pulsejet engine 
tor auxiliary power generation at Supersonic and Subsonic 
speeds. The baSic configuration was essentially the vaive- 
less pulsejet of Bertin mentioned Ins seecıonsszor this 
ECDort. 

A rather detailed design study was carried out including 
a thermodynamic analysis, a study of the non-steady flow 
processes, and the construction and testing of a prototype 
[10]. The basic configuration was modified by the addition 
wea Supersonic inlet difiuser and by bending the exhaust 
Lubes li such a Wey chat thesexhaust) gases could drive a 
mami wee! E EE 1s showa in 
figure 19. 

Testszwere eonducted to measure pressures, temperatures, 
MIOS tae consumption, anda other Operating parameters. 
Available power output was typically in the range of 100 to 
250 shaft horsepover. 

General conclusions arising from this work were that the 
pulsejet could be developed into a rugged, low cost auxiliary 
power unit, requiring little maintenance and capable 01 
operation in the subsonic and supersonic ranges [10]. 
However noisef and vibration still are considerable 


disadvantages. 
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Figure 19. The auxiliary power unit of MESSERSCHMITT. 
(10) 
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E. DESIGN AND TESTING OF HARMONIC BURNERS 

FOR LOW POWER GAS TURBINES — THE WORK 

OF SERVANTY 

By looking at the efficiency of gas turbine components 
from an "available enthalpy" basis (available enthalpy is 
defined as the work required to return the fluid, reversibly, 
to ambient temperature and pressure). P. Servanty [11] 
showed that combustion chamber losses in conventional gas 
turbines could be as high as 38% even though there was no 
combustion pressure drop. The implication is that conven- 
ional mel NOUS Of accounting for combustion chamber losses, 
the ratio of enthelpy produced to the enthalpy which woula 
be produced if all available fuel were burned, is inadequate 
from an energetic efficiency standpoint, although still 
important Iior assessment 01 unpurneg fuel, 

By looking at the combustion chamber efficiency in the 
way recommended by Servanty it is possible to identify a 
RENE EE EE losses in a gas turbine. aná in particular, 
lores turbunesewith low compression ratios. It Us there- 
fore possible to greatly improve gas turbine efficiency by 
medgucing the losses in the combustion chamber. 

Tests were conducted with single harmonic burners, 
elusvers Oi@iive, and clusters of ten. A typical harmonic 
Picnics s Loupe 20.) 0n Geverloration in performance 
was experienced when the units were clustered and three 


reasons were given for this: 
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used in experiments by SERVANTY, (411) 
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1. Burner air feed path was less direct in clustered 
units. 


2. Cross sectional area of the burner housing shroud had 
been reduced 60% in clustered units. 


3. The fuel was changed from a liquid to a gaseous type 
and, therefore, positioning of the fuel nozzle may 
not have been optimum in the clustered designs. 

Simultaneous ignition of a large number of harmonic 
burners also presented difficulties. 

Major conclusions can be summarized as follows: 

1. The pressure drop in a combustion chamber of a gas 
turbine with low compression ratio can be reduced by the use 
of pulsating harmonic combustors and perhaps a pressure gain 
1s possible. 

cT E appears on ee make a high air-flow rate 
pulsating burner, without moving parts, of small enough size 
to be compatible with a gas turbine. 

3. The optimum cluster consists of Y or 5 individual 
pulsating burners of medium size (approximately ! inch 
CETUR This places an upper limit of about 800 horsepower 


ae asi burbaines Using such a clustered pulsating combustor. 


F, THE WORK OF KENTFIELD 

J. A. C. Kentfield has conducted theoretical and experi- 
mental work to establish the potential of pressure gain 
POUDUMU LOM particularly Tor gaszeturbines. By Zeta mp Le 
theoretical analysis he coneluded that even a modest pressure 
gain in combustion appeared worthwhile for most gas turbines 
and that the fundamental performance limitations of constant 


volume combustion provided adequate room for development of 
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a practical pressure gain combustor [12]. Further, Cronje 
has shown that even pressure fluctuations as large as 10% 
have little effect on overall turbine efficiency [13]. 

The experimental program was in three parts w Ihe object 
Oi che LES” part was to SE. a simple pulsed combustor 
with one inlet and one outlet as shown in figure 21. The 
second part was conducted to provide a basis for developing 
a technically satisfactory ducted combustor 8f the type 
shown in figure 22. The third objective was to develop a 
short, simple inlet, ducted combustor. Valveless units were 
investigated in order to eliminate the mechanical complexity 
EE Gs 

Experimental work with the single inlet combustor tended 
to confirm the findings of Lockwood [6] with regard to 
performance and configuration. One problem, which could be 
STO JOAO Vance Or gas LIT DINE Use, Was #thay the 
combustors were too long and attempts to shorten them by 
multiple-inisucs met With limited success. 

The performance of the ducted version was somewhat 
disappointing when compared to the unducted version. This 
Mas ellfloly Cem GCE Caused] by fans iinprope my sized duct. 

ERureapolavtion by Kenttraelad from the experimental results 
indicated "....that a pressure gain of between 2 and 3% 


sno becE3ttanmablewmo abled. 
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V.  PULSEJET ANALYSIS 


A. THERMODYNAMIC ANALYSIS 
l. Ideal Combustion 

In order to examine the pulsejet it is necessary 
to establish a reasonable thermodynamic model. Such a 
model is 01086117 approximated DY the processes occurring in 
one of the first internal-combustion engines, the Lenoir 
engine, and thus the Lenoir cycle can be applied to the 
basic pulsejet tube. 

The Lenoir engine is a two-stroke piston engine without 
precompression. This engine takes in a stoichiometric fuel/ 
air mixture during the first half of the downward piston 
stroke; halfway through the stroke the intake valve is 
closed and ignition occurs. The piston speed is at a maximum 
EE EN EE Duty or our present discussion we/wi11 
assume instantaneóus combustion which is then a constant 
volume process. The combustion products expand during the 
second half of the stroke and produce mechanical power. The 
gases are exhausted during the upward stroke against a back 
pressure. The engine has no clearance volume and the back 
pressure Gocs Nov impair the volumetric efficiency during 
the next intake stroke. Since the Lenoir engine takes in a 
fuel/air mixture at a low pressure and discharges the 
combustion products at a higher pressure, it can be usea 


as a pressure generator. Proper timing of the spark will 





make the pressure at the bottom of the power stroke equal 
to the back pressure to prevent throttling losses. 

We now can see that the processes in a pulsejet tube are 
basically Lhe same aS in the Lenoir engines These processes 
are shown in figure 23 and are 


Intake (0-1) 
Constant volume combustion (1-2) 
Isentropic expansion of combustion products (2-3) 


Exhaust at constant pressure (3-0!) 


Ji I @ n mnD 
ضح‎ YK N nn? ` tt 


Valves open and a new cycle starts. (0-0') 
We further essume that the Lenoir engine produces no 


mechanical work. 


The following analysis is taken form Zhuber-Okrog [14]. 
€ 


1115 1١ 1251١ saw OINUhermedwmuemros applied to constant 


rr 


volume combustion process 1-2 gives 


f(E,+U,) = U,(1+f) cu C bT (Lf) - T] (1) 


1 


here UA 217 ratio (stolehiometric for this case) 


Ee = chemical energy of the fuel 

Ue = internal energy of the fuel 

C - constant volume specific heat between T4 and T5. 
Since 
Ertl, = heating value of the fuel = Qe = constant 


we get 


TQ S E a) - T, ] (2) 











Fizuro 25. The ideal cycle (a) correlated with the Lenoir 
engine (b) and the simpie combustion chamber (c). (14) 





In any constant volumé process, 


7 2# (3) 


Rewriting equation (2) we get 





TT ED (4) 
Combining equations (4) and (3) we develop an expression 


for temperature and pressure ratios, Il, 


SEINE LING WOK DE Zero and recalling the 
relations for an isentropic process allows development of 


another useful relation 


3 
| حو‎ d Dave (P 4-۴ (۷ 3 PN ac ( OT (6) 
Since 
3 py Tp Wy 
f Pdv = E RE , 
2 Ve 


M 
LA) 





we get 


ey = PV, = PZV3(r-1) + Ec Vc) - 0 


Dividing through by Py Va 


DAY pe DV 
Sy - pr - par? -1) * (y-1) = 0 
m— me EE 


and remembering the ideal gas law 





BAV Ak 
د‎ 
2 
في‎ s 
and 
P, A 
P 3 
1 
yields 
T T 
H = g>- ae (y-1) + (y-1) =0 
1 de 
Rearranging 
Ze NL) (7) 
T4 Y : 


and substituting for II from equation (5) results in 


Y l 
nom Im Ati. (8) 





This now establishes a relationship between the gases 


entering and leaving and the heating value of a particular 


fuel. 


Corresponding pressure and volume ratios can be 


derived from the isentropic relationships between states 


2 and 3. 


T4 Ca Zu Pa B 
-l 1 yal 
A ar PR 
ER sc d ات عاك )م‎ CC en 
(eil (CL) Ele) 
1 1 il 
Therefore, 
Y 
T == 
( 3 00 
P 0 
"S i 
= 1 
i ee 
Finally, from the perfect gas law we have 


since P,=F 


l 


Alt 


(9) 


(10) 


Nase SOs me. Cp: and a for varying temperatures of 


air and combustion products are shown in figures 24 and 25. 
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Example: 


fuel — typical hydrocarbon 


= 18,950 Btu/lbm 


0060 


1.243 (estimated average value for temperature 
range considered) [1] 


0.257 Btu/lbm. (estimated average value for temperature 
range considered) [14] 





MIT ps 
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Results of this analysis are shown in figure 26. It 
can be seen that there is a strong dependence on inlet 


Temperature FT which could present difficulties when the 


E 
combustion chamber receives air irom a compressor with a 

Mipiepressure rabo end the resulting hignfex1t temperature. 
Worthy of note is the pressure ratio P2/Py CrIPom 2 0905055 
Ms PESO TT course, an ideal processiand 'sShould be viewed 


with caution, but a pressure gain of even 2 is a worthwhile 


IMEC EC TOT further study: 
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2. Thermodynamic Analysis of a Pulsejet Tube 
Woe nase CompbustiomMenterval”|L1 


The previous analysis assumed that the combustion 
took place in an infinitely short period of time which is 
obviously not going to happen in an actual process.  There- 
fore, it is necessary to examine a cycle in which the 
combustion occurs in a finite time span. 

Again, the ideal Lenoir engine is used-as a model 
ir GUE analysis with the distinction being made that the 
combustion is no longer a constant volume process since 
burning is not instantaneous. The pressure volume diagram 
دنا‎ 113 5016 26 Shown in figure 27. A linear relationship 
is assumed between points 1 and 2 both for simplicity and 
because that provides a reasonable approximation to the 
peulal= Oe d involved. 

A11 other processes are the same as in the previous 
analysis. 

The following relationships are established for the 
combustion process [3]. 

AUD 


E d AS QR NEE m 


6 14 


where  ' Wa = work done during combustion. 


Rearrangine and dividing through oy T4 DOSAGE S an 


expression for the temperature ratio T/T, 


6] 








pm +1] C2) 


Establishing the work balance for unit mass gives 








2 5 
W = PV, = PV + : P dv * d P dv = 0 (13) 
as before 
E ER PoVo ~ Pav, _ R(T, - 13) 
2 Y-1 Y-1 


hon MSetlvropie, expansion, and noting that 


Se 


P dv & we 


we get 


RO, - T2) 
= 7 A E 
Pa Ya EE t DIE i y 


I 
GQ 


Applying the ideal gas law and rearranging gives an 


expression for the ratio Ta/ T4. 
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Figure 27.  Pulsejet cycle with finite combustion. 
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> 
aa t wi 0 
m = r 08 1 (T,-T,) E 
لل‎ ÐT 
T W T T 
(Y-1) - (Y-1) p> t pe (y-1) + کے‎ - = 0 
3 1 1 

Er ME eege 

SG EL Fr C 2- 
S^ = [(y-1) + =] (14) 
Ta Y 1 m 


The ratio Tj/T4 Was determined previously, T4 is 
Kren Mana are constantsS$ but an expression for Wo 


is now required. 


lt will be assumed that the variation of pressure 


WIL specilre volume 1s linear and this: yields; 


E l 
Wo > m + P,)(V, = V.) (15) 


applying the perfect gas law 





E PtP RT? RT | 
c 2 E 
RT, TP, T, P | 
4 1 a1 2 2 ` 
DE an a arl (16) 
ETE 1 d 
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This can then be non-dimenslonalized by simply 


daa ne aer Onen cana. this yields 


1 





po tat - W--1] | (17) 
a 


which is required in equations (12) and (15). 

The expression for W, now required P,/P, and these 
pressures can be easily measured in an experimental setup. 
To be handled analytically P,/P, is assumed and T5/T4 is 
guessed. This yields We T4 which is then used in 
equation 12 to verify the selection of T/T ° 

The expression for Pa/ P4, 
from the isentropic relations between states 2 and 3 and the 


and V/V, Sa be obtained 


ideal gas law. 


wns CxapressSion emphasizes the importance oí the pressure 
racio P/P}. 


The volume ratio EAR then becomes: 


= 

A 

E 
SS 


~| 
pU) 
UJ 


Once again, Y and C. are selected for an averape temperature. 
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Numerical Example 


Btu/1bm‏ 18,950 = م© 














Du 0667 
Y = 1.265 
T =E) 50 Btu/ lun R 
> 
E Dn ps 
T4 =45:92 PF 2051.99 R 
P d 
Assume y O m = 9,0 
ili d 
"c "1 I pd 72. > 
R T4 2 da P, T4 Pr 
] O f N 
cm (e s CMT UE MID ا‎ 
MU امعد‎ E op utem 
NEM || É A ay 
vw] V 
9 E Ike CGO E 53.4 Pens 
= €x + + = 
E 1.0667 - 70.256 x 519 0,250 * 778 + 1]- 9.0 
0 A l OPT | O 
o LS = ee - 9. 
0 
0-80 615. NOT 
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LI 
rj 





Assume: =< = 6.0 m - 0.6 
1 1 
W 
wA 5 
a dp E 


2 " 
0 = 1.0667 LIO = pcm D | E 9.6 


9 
= 014992 NO! 


KE? 
١ 


HJ 
3 


2 


Assume: == = 6,0 c = 9,53 
1 


a 





Cc "nm 79.52 E 53 
العا اد‎ 9.53 = 7] 2.059 


35 l 
DW 170667 [10.737 - 0.274(2.059)] - 9.53 


1-9 


6.38 x 10? « 0 





0 
P n W 
2 ow ELA 
M" 9.53 > 60 P T. 2.059 
= 2265 


a E 1305 NER 055/578 1055 TO e DT 7H 


rj 
1 


8.174 x 519 


4242R 


rj 
) 
N 





Results of this analysis are shown in figures 20 
and 29. Slight deviations from ideal constant volume 
POs t bom have rellatively litti effect on the Lenoir cycle, 
ncm cca nc CmbuUsionwseringpte there is theoretically 
an appreciable pressure rise. If, however, the process 
varies more than just slightly from constant volume 
eombustlionssthe ehhects On Overall performance can be 
Significant. Strong dependence on the peak Pure attained 
نالع كلل‎ m figure 29. 


3.  Thermodynamic Analysis of a Pulsating Gas 


Turbine Combustor by F. H. Reynst [2] 

Reynst Believed that investigation of pulsating 
combustion phenomena could eventually lead to many feasible 
applications including use in gas turbine combustion chambers. 
The constant volume process of ideal pulsating combustion 
008635 have higher thermal efficiency than a constant pressure 
cycle Gif the Same helat input. *n this analysis, Reynst 
demonstrated how much improvement could be achieved in a gas 
turbine uSing pulsating combustion compared to the same 
machine using constant pressure combustion. Then analysis 
DO: y Ce sane Wimehecoo line kalr ms raised to the same 
pressure ace the Hot cases from the pulsating combustor shows 
that in this way even greater efficiencies are possible than 
with the use of pulsating combustion alone. 

Reynst begins by establishing a heat balance for 
constant volume and constant pressure combustion assuming 


that the heat input is equal in each case. 
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Pressure-volume and temperature-entropy diagrams 


for these cycles are shown in figures 30 and 31. 
Cp (75775) = C (T-T) )18( 
Hoting that Cy "e YC.» anot that T "le leads to 


n 3 


f C, UT S7 T5) = Cy MT) 


m 
Defining Il = el = A Be cats true Tor constant volume 
2 2 

Comous E 

y(T,-T,) = IT, - T, 

YT. 3 | 
I T mats d (19) 
2 


Thus a relation between the compressor exit pressure and the 
peak pressure occurring during combustion is established. 


From the isentropic relationships we have for 


expansion: 
y 
P :هط نهد‎ 
— ES rz 
P 0 
tu i 
TE 
8 Po 6 15 Y-1l 
p T Po P. ( FN "m ) 
of 2 Ta o 
T -—. 
P a 
A 
9 MAA 2 
PS IP, ( m ) (2.09 


Il 








Figure 50.  Pressure-Volume diagram for gas turbine pulse 
combustor with ideal combustion. 





5 


Figure 33. Temperature-=-Pntropy diasram for gas turbine 
pulse combustor with ideal combustion. 
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Equation (20) is an expression for the pressure after the 


pulsating combustor. 


In order to calculate the thermal efficiency of 


the constant pressure gas turbine we will use the formula [2]: 


NM. 


Example: 


Y 


1, 


T3 E 


H 


(TaT) = (T-T) 


T,-T, 
1.4 
E LO aR 


2000°F = 2460°R 


Compressor and turbine efficiencies of 90% 


E. 


1 


H 


1 


6 Compresso ratio 
P ee 
(y Y 
GE 
i 
En Y-1l 1.4 Lj 
SEO ug 
I 
} 
866°R 
de =m 
E Ce 1 
e T5 - 14 
Ta -T : 
2 H 
E S66 =) 519 
E J- u ee ZE = 
Lo ES] 0.9 2.9 
= ho 
T5 TOR 
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(assumed turbine inlet temperature) 


Assuming no pressure loss in the combustor and full 


expansion in the turbine 





a E. 
Py 
۷ CC A 
mis Gei 7 ei? 
e a 
Ap 
2A 
= = 7 6685 
Ty 
A 22-1, 
t "cn, 


Ty = T3 ES Nu t 


Ty ST OOO o( P4160 — W71) 
w e 
ENO I52) (904 = 519) 
a 3160 ~ 901 c 100 
P 
n 32% 
Up 


Now the constant-pressure combustion chamber is 
replaced by a pulsating combustion chamber and the efficiency 


recalculated. 


7H 





2460 


I = 1. (7561 © | ES 
ISS l 
- BEER UU. a I 

Po = 3,41] Py A em = 1.55 P; 
E 

SR 
=== 1.55 
io 


This is the theoretical pressure ratio across the pulsating 


COMDUSTOT: 
P_ P 
T EON 
5^ „= = 1.55(6) 
Po Py 
Pe 
3 93 ` and Pg 9 P, 
P 
D 
== 9,3 
Ze 
5 p Y-1l 0.4 
IR 4 1.851 
6 6 
D 
‘io. 6 2160 


P S ANE 
M EE CMM On ee eae Ca 


1300°R 


H 
D 
H 


To = Ts -— et = 2160 - 0.9(2460 - 1300) 


= 1416°R 


ES 
C 
! 


EB —— — 





tor constant pressure combustion‏ 51212121 5111 1411 اناا ذل 


iow Pa ven y 


er? - (T5- T4) 


T LE LM UE Ue n 
om T5 T, 
- 100 „ (2460-1416) - (904-519) 
(2460 - 904) 
Al 42.4% 
V 


With the temperature and pressures considered in 
this idealized example it is shown that by simpling replacing 
1لا‎ 0011 211 pressure combustor with a constant volume 
combustor the efficiency of the gas turbine was improved 
from 32.3% to 42.4%, and that the pressure ratio from the 
Seompressorteiniert to the combustorfcutlet was increased from 
Gece 9.30 it hes been assumedythat combustion actually took 
Ollace StGachiomerpmically and that the hot combustion gases 


were expanded from the peak pressure, Pas TONE A: Ps: and 


9 


Eheim xed EWLthaexcetss air at Ze e Mhe mixtCúůúre was ab 
the desired turbine inlet temperature, Tc. 

0 |2015 52522956 11 111161611830 15 Possible Ir the 
air excess to combustion is compressed to pressure d before 
mixing. The work available fromexpanding the combustion 
Producto MITON Pa To lg - Pe will be assumed available to 
compress the excess air. Reynst uses an improved Lenoir 


aenea 1115 analysis [2 The T-S diagram for this 


CCIE ICS SUC in figure 3. 
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Figure 32. Temperaturc-Entropy diagram for gas turbine 
with pulse combustor in which expansion work from the 
combustor is used to compress cooling air. 


fal 





BogNMESCmeserosbesDurned scorohcxometrically and 
À pounds of excess air are thus required for one pound of 
primary air. The fuel/air ratio is approximately 1/15 for 
SO LEN TOme tr EC OmMb ls. LON. 


The heat balance for (A+1) pounds of air is 
(1A) Cp (T,-T5) = Qo 


yielding an expression for A 


Q 
f 


Peak pressure and temperature are obtained from 


An expression for I is found by establishing the heat balance 


for once Pound" oi Stoichiometric air 


Cy CT 4775) = Qe 





= + 1 (22) 


A relation between A and II is obtained from 
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& 
et 
| 


(M-1) Cy T 


2 

dë, Alle, Bit Se 

T5715 Cp 

D PI MEI" ) 
M = — 

2 
Finally 

= = كل‎ + l 
T^ Y(A*1) 


Combustion products expand from peak pressure Pa CO 
Pg» ualen is equal to EC Excess air is compressed from P5 
to Pg which is also equal to Pg: The heat balance of 
combustion products and excess air, mixed at pressure E 


Ys given by, 
-Tg) (23) 


For the isentropic expansion Pr DO Pg 


To ER yl Po ¡al 
E IT CoD 
7 T 2 
ل‎ SÉ 
since Po = Ss and I = f c E 


0 





ial IC 26 Founas that 


il 
Ty = Te 1 (21 


UI IOI D3 T3 and To in the heat balance 


5 
1 
H = 
Pg Y + a) = T3(1+a) 
"OM (A 
DO 
(m Y+ a) 
Bep Ta p ل‎ _ 
n OFT) d 
(mn Y + 4) 
T 
OE TST YA 
m VM E IS (25) 
v(i + à) 


For Pg "cn ue lSserntPopie pelabtjons 


E 
"8 (3, y-1 
Ge To 
Fg LZ et ai SE 
E E le T O YA 7 er 
P, ( 1 e (26) 


vn Y a) 
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Numerical example: 


NM wr 


=> 


11 


OR DIOR 
io = 904R 
LE OC TID OE fuel 


T- = 2000°F = 2460°R 


5 
6 
fuel/air ratio = -b 
dabo 
E 187500 m | A p 
T Qe = — EE EE e mixture 
(fuel wt assumed small) 
HS 1 


0.24(2460 - 90 5 


ea 90 


1 LES nen 
0.17(904) 


E 


CO‏ 02-5 0 م 


1/1.4 


1.4(9.023 * 2.30) 


il 


(1.272 


ee 2.31l1 
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The 


and 


P 
PTG 
کے = سے‎ A (2.31) 
Py PP 
P 
8 
ae 13) 06 
Pz 
= = o 
GC 2460°R 
EE EEN لاد‎ m 
P 
5 
=^ = 13.86 
"e 
T p xl 0.4 
a = (52) We = (13.86) 1-4 = 2,12 
6 
m a 2460 sa TRAD 
Le We Te لان الل‎ 


Te = I; = ng (T5-T% J) 
I OO 1 ALO CT) 
T m 1290°R 


thermal efficiency with the compression of excess air 


constant volume combustion Is 


(T.-T¢) S (T4-T. ) Palo 1 P9Cam 001-519) 
=> = A e - Es. 
N. Ap = 100 Eo 100 (2460-904) 


"og 50.19 
v 


02 


Thus in this idealized example it is: Seen that 
substantial improvements are theoretically possible by the 
use of constant volume pulsating combustion. However, the 
mechanical complexities required to achieve true constant 
volume combustion could pose severe problems in a gas 
turbine and achieving the necessary flow rates for a 
ام‎ 2011051 machine ina combustor of sufficiently small size 
pu certas De difficult. 

Eo لاه‎ Arica, JE Muller has pêrformed experi= 
mental work with pulsating combustors with the hope that 
they can be used in gas turbines. An analysis of his work 
presented im the next Section, 


IN Teo re lea lina lysis Of .a.Pulse Combuster for a 


Gas Turbine by J. L. Muller [8. 

The theoretical analysis by Muller is of particular 
interest because it was done in support of experimental work 
and — HÀ more closely approximates actual conditions 
than the work of Reynst and the results of the analysis can 
be compared to experimental results. In his analysis 
اانا‎ 21 eS ma polytrople combustion process to replace the 
ideal constant volume combustion process and assumes a 
polytropic expansion process. A pressure-volume diagram 
for the cycle assumed by Muller is shown in figure 33. It 
Cal bel seen Chat ICE is Quite Similar to the Lenoir Cycle 


ons Keredzspreviousiyz 
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Figure 33.  Pressure-Volume diagram for pulse combustor 
for a gas turbine with a polytropic combustion process. 


8! 


The processes indicated on the diagram are 
1-2 Intake 
pmo tmopiec combustion 
3-4  Polytropic expansion 


4-5 Slight recompression of exhaust gases 
due to kinetic energy effects 


5-6 Exhaust 
Using this diagram Muller developed the following 
two analyses; eme Mor no external work from che combustor, 
and another in which the available expansion work from the 
combustor is used to compress the cooling air (as in the 
VOLES na of Reynst in the previous section [2].) 


Work done by the gas in area 1133! 


-am n 
Ei Ee R(Ty-T3) 27) 
where n is polytropic parameter of expansion. 


Work done on the gas in area 1233' 


MCN. wu 


2 fom R(T 3-T5) (28) 


Where =m 1s the polytropic parameter of combustion. 
(A method for determining m and n will be given later.) 
Demecheserexpresslicons. Ir tse possible to determine 
the net work done by the gas in area 234. 
m 


1 Wal = E. f xS ت‎ zx 


l-2 l-m 2) 





Defining اد‎ Se and 


we get 


-bR(T,-T,) - aR(T_-T,)‏ کا ا 


The work done on the gas in area 1456 is 


= I = : 
We SE ers D en) = DRUI Di ; (29) 


"here is no work output from the combustor and the 
work done by the gas in area 23%, must be equateá to the 
work done on the gas in area 1456 by the use of an efficiency 


A. 


a (MW, Wo) E Wa 


o [-bRCT, 7T.) - aR(T4-T,)] = bR(OTE-T,) (29a) 


This can be written as: 


I 
2 
m) (30) 


06 





The pressure gain P5 P5 is obtained from 


— = (m) (m2) (31) 


Muller defines 


T a/b 1 a/b T 
E e HS (>) Gums E) (32) 
T5 5 T5 La 
Thus Ps/ P5 can be rewritten as 
P 
SE Db 
P, = B 539 


IuMoOLdormvoowproceed wichrealenlations it 18 necessary 
to determine the polytropic parameters m and n. 
The following relationships can be obtained from 


the pressure-volume diagram 


P m 
کا‎ (34) 
Po T5 
n 
X E E s y (35) 
L 2 lj 
The heat added is 
e m , 
Q7 (h,-hj) * 4E. BUT af, (36) 
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RISO 
CT 
Tg ل‎ T (37) 


First the value of m will be determined. 


P. E 
Ing) = mgh 
2 
P 
inte?) 
DEER 
RK UNT SE 
mue 
ade 3/Po ) 
Q = (hz “No ) u TROTTED R(T. -T, ) : (39) 


An assumption is now necessary for the pressure 
ratio P/P,. The type of fuel and fuel/air ratio determine 


ineart pertpouna or alr, Q7 T. is combustor‏ الا 


2 
inlet temperature (or compressor outlet temperature). An 
iteration is then necessary to determine Ia: EES 


determined 15 an easy matter to mind m. 


Moem alue Or Nn lS found in 2 similar way from 


InP 3/ P5 ) 
(hachi) = TTT F(3) 
An iteration is necessary to find Tj. Once Ty is 


known, n is found from 


A | 
N 4= Io. (41) 
==: InC Ty) y 


DO 





o 72 ©, #s found in the following‏ شاك 
manner. The following relationship is established.‏ 
-bR(T,-T,) - aR(T,-T,) = bR(T,-T,) (42)‏ 
-a(T,-T,) = DLT -T, tT, -T. J‏ 


; e Dtm om 
(T4-T5) aTa Te 


T E 


T 
X" Zo NEIN IE 
E. m Tn "p Ur 1) (43) 


T3 ime Known from the previous calculations. 


The pressure ratio Pg/Ps is determined from 


rn | u eh aiia aem 


nee L Ue Or Ps/ P5 is too high in general and must 
p-anossemred' bv ag efficlency, a, Such that the ratio P5/ P5 
agrees with experimental values. To do this we use 


equation (29a) 
o[-b CT, - T.) - a(T,-T,)] = b(T,-T,) (41) 


which can be rearranged as 


T. T T. 
"me a (xA -1)- Gau) (45) 
2 


o 
MN 
m 
no 
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The ratio T,/T, is found from 


T A 1 
ap, 3 (16) 


= 
LA 


The value of a is then determined from equation 45. 
iene cooling air is compressed isentropically by 


available expansion work from the combustor we have 
A 








p Yori 
- 5 ii J 
-b(Ty-T3) = a(T,-T,) = b(T--T,) t BC Tal) BS Set 
This may be written as 
P 
p2 7 (B - BE) (47) 
2 
where 
En 
n= = =p m. Lg) - 1] (48) 
and 
Pants 
B= mom (49) 
zn 


where Pa is the Turbine Inlet Temperature. 
According to Muller, equation 47 may be solved by 
assuming values for Ps/F, and T,, calculating 8 and E, 


solving for Pe/Pos and iterating as required. 
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Numerical Example: 


Qe = OR 500 Bom7dip of fuel 
f = 0.05 
I 120,18 Btu/lb, 
T5 = 528°R 
P 

3 
mnm e 2 E 
Ge 

TE E RE EE of air (fuel wl <<) 
m In(P,/P,) 

q = (h,-h,) *i Tm R(T,-T,) > (hh) ) = In(T,/T,) (T,-T,) 


Assuming 13 ="3500%R and h, = 938.+40 Btu/1lb, T ODE UE CIE 


point ana iteraving, we find: 


T4 = HO55°R 
and from 
n In(P3/P,) 
m=] in T4 T5 


we determine 


m » -0.783 
Svar iy Tor n: 


In(P,/P,) 
hohy = TROT R(T,-T]) 


DYR rating on Ty and hy we find 


Th = ESO 


CR 





and from 


1n(Pj/P5) 
n-l LaO 


we find 


A EC 


Ce = kj) . n(1-n) (3 SE 

T5 2 n ( 1=m) T5 
d 
|oND 55 nos) alae. co 25 
y OL 0 783 (“E53 - 1) 
E - 

5 
a> = 7.36 
15 

Now 
n 

"e e 75 cS “5 

P, T5 La Po 

5 , 1:29 

ow 1.30.0729 - 
P = (555) (255 al OOo 


This value for Pg/ P5 ls too high and an efficiency factor, 


a is used to reduce P5/ P2 2.05.1232 


n —n ا‎ ۴ 
p Tm DETR SNN 
which iS rearranged to 
T 0 ! T 
LEE um! m(1-n) 3 3 lj 
=m - ai („= - 1) - (= - m)! [A] 
T, m n(1-m) m UA 





Fromeprevious calculations 





ld n=l 0.29 
d: qi? ii » (123 (8.06) = 6.56 
T5 a Ps Po e) 3 = 1.3,1:29 
e Po T, ~ 25 


kinalıy&in [A] 


OA 0.50 = a10.098/(6.06 - 1) - (8.06 - 6.56)] 
6296 = 6.56 + 0, 802 
ay 6.96 - 6.56 
0.803 
a = 0.498 


B. WAVE PROCESSES 

Proper operation of a pulsejet is heavily dependent 
upon the wave processes which occur during each cycle and it 
is these wave processes more than anything else which 
dietages the leneth to diameter ratio. The tube must be long 
enough to allow the waves to reflect and travel over the 


Ue sale ve time for intake, proper combustion 





and exhaust. Wave actions also dictate to a large degree 
اف‎ 00231011 01 the 200 lEnozzles. 

Basilealiyeraemcpollowing processes can be identified [3]. 
At the instant of ignition, two waves are pir rated; a 
compression wave propagating toward the tube outlet and an 
expansion wave moving toward the inlet. The compression 
wave ls reflected from the open tube end.as an expansion 
wave and the original expansion wave reflects from the closed 
valves in the same sense; i.e., aS an expansion wave. The 
reflected expansion waves lower the pressure in the tube 
Be :نرت 1 طلة  بن 1ل‎ lhe valves open, and air flows into the tube. 
The expansion waves cause reduced pressure throughout the 
tube, including near the tail pipe, and as a result fresh 
air is drawn in through the tail pipe as well as through 
eva ves. 

The expansion waves reflect from the open end as compres- 
S#on waves and travel forward through the’tube, and tend to 
slow the air entering through the valves, thus permitting 
time for proper combustion. These compression waves also 
cloase the valves. The open tube end is seen to be essential 
Peon proper operation of a pulsejet. 

This process can be studied in detail using one dimensional 
non-steady flow analysis, and the method of characteristics. 
Results are shown in figure 34. In this figure compression 
waves are indicated by solid lines and expansion waves by 


dashed lines. 
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Proper tube geometry is essential. A conically 
converging, exit would cause a considerably weakened expansion 
oe or no expansion wave at all and would prevent proper 
valve operation. Conically diverging tubes reinforce the 
expansion waves and can be advantageous [3]. 

Proper wave patterns are also dependent upon the resist- 
ance of the valves to opening. If the valves open too easily 
then the waves are reflected in opposite Ec e 
compression as expansion) and the pattern required for proper 
Operations nus interrupted. This was a problem in the 
V-l engine at higher speeds when ram pressure was sufficient 
to overcome the valve resistance, and it was this effect 
which was the reason the V-1 was limited to relatively low 


Speeds. 


EE REORMANCE CHARACTERISTICS 
The thermodynamic efficiency of the simple Lenoir cycle 


is given by 


(my 1^ Y 21 


Y۷ 1-1‏ = ل 


"th 
for instantaneous combustion [2]. 
lima nlpe combustıon. ıIszimeluded, but approximated by 
a linear combustion line on the P-v diagram [3] a somewhat 
more complicated expression is obtained for efficiency. The 
resulting efficiencies for various inlet temperatures and 
peak pressure to inlet pressure ratios are displayed in 


aM Chop hs:cat most. thermal efficiencies of 
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up to 25% can be expected. From the analysis of Reynst 
theoretical efficiencies of up to 40% are obtained when 
considering the Simple Lenoir cycle. 

UOT Course, Several losses Occur in the engine, such as 
losses due to incomplete combustion, heat losses to 
surroundings, friction losses between fluid and wall, and 
losiscis ete toemen-uniform velocity distribution, and the 
efficiencies computed by Keynst are therefore higher than 
can be expected in an actual engine. 

IM Derozeonmpute Thrust and specific fuel consumption, 
jt is assumed that the useful energy from the fuel is equal 
to the increase in the kinetic energy of the combustion 
products leaving the engine. 

m W : 


A 0 
No ج‎ 


Of friction, mixing of flows,‏ 5126088 ا 020 06د سل 
and other losses must be accounted for and the above equation‏ 


is modified as follows: 





min the above equation contains the combustion products 


pius the air entering the exit through backflow. The ratio 


9€ 


E mass Of this additional air to the mass of the 
Primary seombustTongproduers S usually between 0.25 and 
pars | 

Experimental data indieates that ni ls usually between 
sm and. 0. 7 


The static thrust is then obtained from 


The characteristic engine dimensions can be estimated 


Ane LO lower manner seine thrust coefficient, 


Su 


= 
1 


1 


is introduced, 
116 TF thrusy 

Pp = atmospheric pressure 

5 = nozzle cross sectional area 

coeficient Was foundito be between 0.25‏ ]815 15ل 

zd Hences assuming a value of Cm and knowing the 
required thrust we obtain the cross sectional area of the 
nozzle. The engine length then is usually 8 to 10 times 
the nozzle diameter. The engine pulsation frequency can be 
estimated by treating the engine as an organ pipe open at 


one end. Hence, the frequency (realizing that vA = c) 


e 


SEH 


SE JE, YRT 


J39 





where: À wave length 


and. v = frequency 


n 


ana C speed of sound 


D. THE IGNITION MECHANISM 

In the past, several theories were advanced to explain 
the ignition mechanism in pulse-Jet tubes. 

IM TENN proposed that the mechanics of ignition 
were closely connected with the flow structure of the mixture 
and this led to the development of the "Reynst combustion 
pom uu Fresh alr Is drawn in trom the annulus 
around the mouth of the chamber and a hollow cylindrical flow 
ih 15 T ormed. Reynst Suggested that this inflow is 
MmIMOWECSDOMUI CU NWwMSSSoceleraved laminar flew ع‎ forms 
a growing vortex ring which prevents bene mixture of 
the inflow with the hot residual exhaust gases. The laminar 
flow prevents immediate ignition. After the inflow slows 
down, the column separates at the mouth of the chamber and 
nes vortex breaksserhussmpermitting rapıad mixinszwith The 
hot residual gases finally resulting in rapid ignition [2]. 

Schmidt discovered in 1937 that the tubes with which he 
was experimenting would continue to ignite without a spark 
if the proper valve area was chosen. He assumed that this 
automatic iegnition was caused by a shock wave reflected 
Pon chezewenm end ot the tube back into the combustible 


ms tuner [Du 
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Military interest in the pulse jet inspired increased 
erttorts an Germany duringyWorld War Il. The Argus Motor 
Company received a pulse jet development contract. Under 
this contract, Diedrich [1] developed a new fuel injection 
2 which improved the performance of the Schmidt-tube 
significantly. In the course of this work, Diedrich came 
to the conclusion that ignition was caused by residual hot 
gases ‘and that the Argus-tube and Sehmidt-tube therefore 
were based on a different operating principle. 

During this same period, Staab [1] performed additional 
investigations on a tube equipped with viewing ports. He 
observed residual flames during aspiration and thus gave 
support to Diedrich's assumption. 

Recent work by Zhuber-Okrog [3] substantially confirms 
the ignition-mechanism first postulated by Diedrich and 
Staab. Zhuber-Okrog has demonstrated that residual flames 
are required for continued automatic operation and that a 
flame-holding device is therefore required. Zhuber-Okrog's 


work is examined in more detail in Section IV.A. and V.B.. 


E. NOISE AND VIBRATION 

While pulsejets offer the advantages of Simplicity and 
low cost they do have some disadvantages, not the least of 
which are noise and vibration. Recent work has indicated 
that while these two problems can be Severe, they are not 


insurmoeuntanp le. 
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O ae lanas led by DP. E y. Brifta, has published 
the results of a study they conducted in which the exhausts 
of two pulsating combustors were combined in order to reduce 
noise emission [16]. It was determined that the pressure 
patterns in a pulsating combustor are regular and fluctuate 
between positive and negative, and that if the amplitude of 
Pie SCE I IVeGrUuatreinescOuULG be reduced a much lower noise level 
could be achieved. Further, it was felt that this could be 
done by phasing two pulse combustors so that they operated 
1809 out of phase. If the units were operating at the same 
frequency and pressure amplitudes, substantial noise 
reduction was theoretically possible. 

Out of phase operation was achieved by interference 
operaron and fluid logle operation. interference operation 
was used with three types of units; a Quarter wave tube, a 
Helmholtz tube and a Schmidt-tube. 

Interference operation 18S achieved by connecting pulse 
combustors together at their open ends where there is a 
velocity antinode and a pressure node. According to Briffa, 
the two tubes will then operate 180° out of phase automatically. 
A schematic of this configuration is shown in figure 36. 

Mid bogie operation resultsfwhen phasing is achieved 
by use of a control unit which senses pressures in the 
adja cene Des dil0 592102 uel] te the units so that they 
operate out of phase. | 

The results of these experiments indicate that the noise 


level of pulsejets can be reduced substantially. For example, 
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Figure 36, Interference operation of two 
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noise reductione, (16) 
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the coupled Sehmidt-tubes reduced the overall noise level 
from 113 DB to 82 DB without the use of an absorption 
Silencers” Further results showed that the noise of a quarter 
De ver Cor ases ten CO reduce than the noise Of a 
Helmholtz resonator because the quarter wave resonator had 

a more regular pressure wave. 

Further experimental study was conducted by Hanby and 
Brown [19] with single combustors, combustors coupled at the 
exit ana with combustors wich reduced exit diameters. it 
was found that Che configuration changes changed not only 
the noise levels, but internal pressure amplitude as well. 
Reducing the exit pipe diameter reduces both noise and 
Pressure ampliuvacell tmepcombustor, and hence performance. 
Cene NES ERC OMO US LOr S resulbea In nearly doubled internal 
pressure amplitudes but no "spectacular" [17] noise 
reductions. However, twice as much fuel could be burned 
or ome 521126 molse Fen1ss10ns 

In all configurations tested by Hanby and Brown, noise 
reduction was accompanied by a arop in 000 The 
mesultsge:r Hanby and Brown experiments are shown in Table 
SE KC 

oo lent eombustor Of pulsating design has been built 
and operated by the Foster Wheeler Corporation of New Jersey. 
An interim report on its performance was presented at The 
IESU LCDMSCIOnaAlNSwmpossum Of PuisSating Combustion in 


1971A e 
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TABLE 2 


Sound Pressure Level and Internal Pressure Amplitude 
for Var*ous Configurations [177 


Broad Maximum H E 
نه انهه‎ DDE. e 
SPL GB ` mplituae 1n 
Combustor 
OC 
Configuration 
a) Single combustor EET. 1. 84 5.2 0.3 
b) Two combustors side by side 115.6 1.84 5.2 0.29 
c) "Two comustors coupled 116.3 3, H3 18,2 0.24 
Beeren 3/0" exit 106.7 0.92 n 0208 
e) as ce) with 1 7/8" exit IC 2.68 E O. 30 
IBN ec wath | 2/6" exit 1111 1.95 Ges 0-2] 
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The burner was self-aspirating, used aerodynamic valves, 
and operated in a silent mode with no reverse flow through 
the inlet. Silencing was accomplished by "moving the 
pompuspeoueresven way eEmenoohed regron of the pressure 
antinode by using a high velocity air-jet at the inlet" [18]. 
This device was intended for use in industrial applications. 
Many questions about its operation and development work were 


TEE Liewtine Ol cae inter. Peport. 





Vl ae Ole TAL APPLICATIONS 


A. PRESSURE GAIN COMBUSTION 

In a series of theoretical studies, Reynst made a strong 
Casepror the use oi pulsating combustion to increase the 
MEG ML CEILS or the conventional gas turbineg 
cycle [2]. These theoretical considerations prompted 
ER ee GEIER vo Verify the potential of pulsating 
combustion experimentally. The most detailed of these 
experiments seem to be those of Muller [2], Servanty [11], 
and Mentmela 112]. 

Murten scecehlevecnaspressure gain in his experiments, 
though the gain was less than his theoretical analysis 
prediteveda. | Muller believed that further improvement was 
possible and eventually he would be able to equal, or perhaps 
exceed, his predicted values. 

The work at SNECMA by Servanty with Best 
valved units showed a pressure gain of 1% representing an 
efficiency increase of 6 to 8% when compared to the 5 to 7% 
pressunemtoss ln Conventtonal Cas turbine combustion chambers. 
This improvement provides incentive for further work, 
especially for small units operating at low compressor 
pressure ratios. 

Certainly, at the moment, it appears difficult to make a 
Aena TON Aro renos acting combustor With no moving parts 


without its overall size becoming excessive for application 


MOS 





toa gas turbine. The SNECMA work indicates that pulsating 


combustion is presently limited to units below 600 horsepower. 


Pee HELICOPTER APPLICATION 

The application of a pulsejet engine for helicopter 
propulsion was studied with considerable enthusiasm in the 
1950's by several companies, including American Helicopter (on, 
MeDonnel Aircraft Company, and others. Excessive noise and 
high fuel consumption, Were factors which led to abandoning 
| these projects. There has apparently been only one recent 
attempt to apply pulsejet propulsion to a helicopter, an 
unmanned surveillance helo which was built by the Naval 
Weapons Laboratory at Dahlgren, Va. [19]. The pulsejet used 
was a scaled down version of the 7.5 diameter engine developed 
by American Helicopter Company. zoe welbenownocetriiloutLles 
of operating pulsejets at higher speeds may have contributed 
to the disappointing performance of this scaled down engine 
and it may be that some of the German work on high subsonic 
and supersonie pulsejets might be used to overcome some of 
these difficulties. However, it seems that the application 
seats 10 nellcopter propúulsion 1S now limited to 
unmanned helicopters due to the noise problem. 

ere app lilcacion Might BE found using a number of 
miniature U-shaped valveless pulsejets, of tbe Fairchild- 
Hiller type, embedded in the span of a helicopter rotor for 
للزت 17 فك‎ 31 1111 5611:2641 and thrust "E ud ape circulation 


control rotor-principle is presently belng investigated by 
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the Naval Ship Research and Development Center. It is based 
AE e oa ono L 6012 011211011 control by tangential 
blowing over a rounded trailing edge is more efficient than 
other Eo N PpCse sem this Tangential blowing is 
to reenergize the boundary layer and thereby delay separation 
which would otherwise be caused by the adverse pressure 
gradient near the trailing edge. The Coanda effect causes 
the jet sheet to remain attached to the surface thus 
Comune lLling Lie il Stagnation point by the strength of the 
EE O. The important point is that a 
small amount of blowing causes a large change in section 
E ee E Ehe EE | 

PreBenrscehreulabeenseontrol roters receivefttheir dir 


y from a separate compressor through ducting within the 


N 
CG 
م‎ 

لك 


IGS recen» Proposal by M.-F. Platzer of the U. 5. Naval 
Postgraduate School indicates that the installation of several 
Iemreture pulse evs Gistrabuted along the rotor span might 


Bresidessa simplesmmethod cf) circulation control [21]. 


C. | AUXILIARY POWER AND ENGINE STARTER UNITS 

Whemieasibpility vom tmespulsejet for auxiliary power 
generation was recently shown by Messerschmitt-Boelkow-Blohm 
GMBH in Germany [10]. Advantages of their pulsating APU are 
low cost (since a compressor is not required), ruggedness, 
Poms ceOe loli ny wo high intake temperatures. Disadvan- 


tages are high noise and vibration levels. 
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Another application of the pulsejet engine is as a 
starter unit for turbine engines. A resonant combustor 
turbine starter was developed by Rocketdyne in 1966 [23]. 

Tn 1965 Aldag [24] developed two starter units, one similar 
to the well known Dynajet (which is primarily a model 
airplane engine) and a second mechanically valved unit for 
helicopter rotors. As before, low weight and low cost were 
definite advantages but high fuel consumption “and noise were 


disadvantages. 


OEEC ETET PROPULSION 

me 01 22511-11225501 فلل‎ 218 the pulsejet as a high performance 
Jift engine for VTOL applications was studied extensively in 
the early 1960's by Fairchild Hillér [5]. Pulse reactors of 
Ses Were Constructed and tested to determine the 
effect of the various engine parameters, and a typical unit 
*S shows in figure 10. Thrust specific fuel eonsumptions as 
low as 0.9pph/pound of thrust, thrust to weight ratio as 
nass x rust to volume ratios as high as 
ioe POuUnds Der teuble it. were achieved.) By comparison, the 
Rolls-Royce RB-162-81 lift engine for the VFW VAK-191B V/STOL 
airerait has a thrust to weight ratio of 14.4 and a thrust 
eo l umer ratl o oi 2900 0010 per cubic foot. 

The tests also demonstrated rapid control response, a 
Picante ness rones vo full throttle, and good starting, 
durability, and maintenance characteristics. Á unique feature 
LO CS propulsiomssyvstem Us its insensitivity to exhaust 


gas and foreign object ingestion. 
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lueseogstioUE P the relatively high thrust to weight 
Patıo and Eooóo Sspeeitie fual consumption, there are no 
moving parts. This system should therefore have a low ini- 
tial cost and simple, low cost maintenance. Further develop- 
ment and application seem warranted. Of course, the noise 
problem virtually limits use to military systems, but recent 
noatse alldeviation. methods discussed in Section 5.5 could 
prove beneficial and could make the pulsejet more attractive 


as a lift engine. 


E. REMOTELY PILOTED VEHICLES 

Recent improvements in modern air defenses demand corres- 
ponding improvement in penetration capability in order for 
E TLI 1010 LO malita. Crrecciveness at a lov Ross 
rate. Pulse jets could be used to power an inexpensive 
Pemovelyepiloted vehicle (RPV) designed to compound the 
enemy's air defense problem. Such an RPV would require high 
Subsonic speed and a capability for maneuvering. It could 
be used as a decoy, chaff dispenser, electronic jammer, or 
for carrying a reconnaisance package, and it could supplement 
more expensive recoverable RPV's and manned aircraft [22]. 

If the costs were kept lew enough, large numbers of 
RPV's could be used to penetrate enemy air space in an 
attempt to force committment of missiles and draw anti- 
aircraft fire. Perhaps a few could be equipped with warheads 
to provide an incentive to down the RPV's even if recognized 


as decoys [22]. 
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lt now appears to be possible to build a pulsejet to 
operate in the speed range required for such a mission 
which would have acceptable performance, no moving parts, 
be rugged and reliable, and have a low cost. Noise, usually 


EN xcbucncouldaEdvenwpecan ass Tor such a mission. 


NO THAER. APPLICAMIONS 

Numerous applications other than those previously men- 
Sioned ih this report have been proposed TOT pulsating con- 
bustion devices. Examples are use as ur heaters, water 
heaters, delicens, dryers and conveyons. Further uses 
1052لا دل‎ 1122111282 01 viscous crudel oill in the ground so that 
the oil may be recovered more easily, hole boring, and pile 
driyane. 

Pulsejets and pulsating combustors have been made to 
operate on a wide variety of fuels from gaseous hydrogen 
to pulverized coal. 

Evidently the best uses for pulsejets and pulse combus- 
tors have yet to be discovered since they have not yet 


achieved widespread use. 
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VII. SUMMARY AND CONCLUSIONS 


The purpose of this paper was to survey the literature 
relative to pulsejets published after 1968 when a report 
encieled ‘The Peasiollity of Bulsejets and Intermittent 
Combustion Devices as Modern Propulsion Power Plants" was 
published by the Naval Weapons Center, China Lake, California 
[25]. Since then considerable research has been conducted on 
pulsejets and pressure gain combustors. Most of this work has 
been in foreign countries, notably Germany, England, France, 
nadam e arica and Russia, In 1971, an international 
Symposium on Pulsating Combustion was held at the University 
of Sheffield, Sheffield, England, Both these development 
programs and the symposium indicate renewed interest in the 
011 5111 111 12501011 process and Che Conviction by a number of 
researchers that there is an inherent potential for its 
molICaALIOoON., 

One possible reason that early pulsejets have not lived 
up to their potential is that the development of a mathematical 
model of a pulsejet is extremely complex and even today an 
entirely adequate theoretical study has never been completed. 
EutseonstrmetlLon of agspulsejJet is a relatively simple task and 
therefore many have been built without sufficient knowledge of 
the effects of the many parameters. 

Ir d cmODVrous Chot a lack eer ending 61 unsteady 


SE EE ENEE EE prevents, at the present Time, 
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prediction ana improvement of pulsejet performance. 
EE EE EE EE EE for improvement exists. 

Emphasis should be directed toward developing a method 
EELER Ln a Very Short time interval 
ET process 1s very nearly constant volume. This 
BEER E EE Techniques OF perhaps 
by introducing the heat in an entirely new way, such as 
lasers EE EE aa 0000000170 
increase cost and complexity significantly and would eliminate 
most benefits of a pulsejet. But, have all possible methods 
of heat input been considered or investigated? Probably not 
and perhaps new thinking is needed here. 

The freguency of operation needs to be increased so that 
the noise and vibration problems are alleviated. 

Further development Qu aerodynamic valves, of operation 
CIS 1-5 OL pulse jetss.orsoperatien at high forward light 
Speeds, and of a hybrid "pulsejet to ramjet" system are needed. 
A hybrid pulsejet-ramjet could cover a wide speed range from 
zero to high supersonic mach numbers. 

Wre@extreme simplicity and resulting low cost of this 
fascinating propulsion device should provide considerable 


incentive for its development. 
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